Abstract-Microdisc lasers (MDLs) are an attractive option for on-chip laser sources, all-optical wavelength converters and resonant photo detectors. We present measurement data of static and dynamic operation for these three applications. Ways to improve the device performance are discussed.
INTRODUCTION
Silicon photonics is a promising technology platform, which is expected to deliver the ever more demanding inputoutput (IO) bandwidth and IO density required in future computing systems. However, silicon does not exhibit electrically pumped optical gain because of its indirect band structure hindering the integration of light sources. Heterogeneously integrated microdisc lasers (MDLs) are interesting candidates for on-chip laser sources to extend the capabilities of silicon photonics. Moreover, MDLs can be integrated on silicon wafers as shown in Fig. 1 making them interesting candidates for on-chip laser sources [1] . Recently, their operation as all-optical wavelength converters [2] , alloptical memories [3, 4] and photo-detectors [5] was reported.
Here, we present the static performance figures of MDLs including threshold current and waveguide -coupled power levels. For their use as wavelength converters for on-chip dense wavelength division multiplexing (DWDM) system, we 
II. STATIC LASER PERFORMANCE
Active devices were fabricated on top of a pre-fabricated silicon-on-insulator (SOI) waveguide with grating couplers on either end for external coupling. A divinylsiloxane-bisbenzocyclobutene (DVS-BCB) adhesive was spun on top of this structure, onto which an InP substrate comprising a quaternary quantum well (QW) was bonded. Subsequently, the InP substrate was removed wet-chemically, the remaining QW structure etched and metallized to form an MDL. The prestructured silicon layer was used as alignment reference to improve the alignment accuracy. Fig. 1 illustrates the final device cross section with the active material, the metallization, the BCB adhesive, and the SOI waveguide structure. The characterization was performed on a custom-made setup with manually aligned fiber probes sensing the grating couplers. Fig. 2 displays the fiber-coupled output power and I-V curves for the device having a radius of R = 3.75 µm with which the wavelength-conversion experiments were performed. The threshold current of the device was approximately 160 µA (see Fig. 2 , inset), and the fiber-coupled power exceeded 10 µW for a bias current of I > 3 mA. The waveguide power is 60 µW resulting in an overall efficiency of more than 4%. Depending on the bias current the device emits either in clockwise or counterclock-wise direction as described elsewhere [3] .
Instead of the bistability, we explored longitudinal mode competition for wavelength conversion. The free spectral range (FSR) of the cavity is smaller than the broad gain spectrum of the MQW gain material. Therefore, several longitudinal lasing modes are present within the cavity. Typically several lasing peaks are present, as indicated in Fig. 3 . The main lasing mode is located at 1590 nm, and the lower wavelength side-mode is present at approx. 1560 nm when biasing the MDL at I = 3.53 mA. The lasing linewidth was measured to be 2 pm using a high-resolution optical spectrum analyzer. First, static injection locking experiments were performed first to quantify the static extinction ratio or suppression of the lasing mode. Therefore, an external continuous-wave (cw) light signal is injected at 1560 nm suppressing the free-running lasing mode at 1590 nm by more than 13 dB, see Fig. 3 . When the external injection wavelength is released, the central lasing mode recovers and the MDL returns to operation at 1590 nm. By exploiting this mechanism of injection locking, MDLs can be used as wavelength converters in combination with an external filter. The different noise floors in Fig. 3 stem from the amplified spontaneous emission (ASE) of the erbium-doped fiber amplifier (EDFA), that accompanies the injected beam and was not filtered out. 
III. WAVELENGTH CONVERSION IN MDLS
After the static measurements, dynamic measurements were performed to investigate the temporal behavior of the wavelength-conversion process. The measurement setup is shown in Fig. 4 . The sample was mounted on a thermo-electric cooler (TEC) to stabilize the device temperature at 18 o C. Radio-frequency (RF) probes connected the device with a current source for electrical pumping. The light was then coupled off the chip by a grating coupler using a single-mode fiber (SMF). The spectra were collected by an HP optical spectrum analyzer (OSA), and the high-resolution spectrum to estimate the linewidth was taken with a high-resolution OSA.
For the wavelength-conversion experiments, a tunable laser was modulated with a 10 Gb/s LiNO 3 modulator driven by an Anritsu 12.5G pattern generator and subsequently amplified. The light was then coupled in and off the chip with the same fiber. The converted light was coupled out, extracted by a circulator and amplified by a second optical fiber amplifier. The ASE of the amplifier was filtered out by a manually tunable filter before the converted signal was detected in a high-speed photo diode (PD). Finally, the signal was either attenuated for BER measurements using an Anritsu 12.5G BER tester or detected by a high-speed optical sampling scope. To account for applications in a system context, no seeding beam was used to support the recovery of the central lasing mode [6] .
A clear open eye at 2.5 Gb/s was achieved as shown in Fig.  5 (inset) . The extinction ratio was measured to be 8.4 dB. As eye diagrams are good for visualization but provide little information on the actual quality of the conversion process, BER measurements were performed to quantify the quality of the converted signal. For 2.5 Gb/s and a non-return-to-zero (NRZ) pseudo-random binary sequence (PRBS) length of 2 31 -1, operation with a BER of 10 -10 was achieved with a power penalty of 8 dB at an injection power level of 1.5 dBm as shown in Fig. 5 . Assuming a coupling loss of 6 dB, the corresponding emitted waveguide power is 60 µW, whereas the injected waveguide power is 355 µW, resulting in an emissionto-injection power ratio of 0.17 or ~+7.5dB. At a speed of 10 Gb/s and with a PRBS length of 2 7 -1, a BER of 3×10 -4 could be achieved at a power penalty of 9 dB. This BER is sufficient for applications using forward-error correction (FEC). 
IV. MDLS AS DETECTORS
For building on-chip optical DWDM system, also detectors are required. To enable a good sensitivity of the detector, either a high absorption or a large device is required. Thus, in conventional III/V systems, another epitaxy material is used for the detector than the laser. In contrast, we opted to use the same epitaxy material in the MDL and enhance the absorption by the resonant cavity. Although typical absorption coefficients are on the order of a few tens of cm -1 , the cavity Q-factor of several thousands enables photo detection at reasonable sensitivities. We measured the performance of the MDLs as detectors by injecting light from an external light source via grating couplers into the waveguide. Assuming a minimal fiber-to-waveguide coupling loss of -6 dB and an external injection power of 0 dBm, the sensitivity is S = 0.3 A/W. For the current devices the sensitivity is limited by the waveguideto-cavity coupling of the MDLs, which are optimized for laser performance. To improve the detector performance, critical coupling between the cavity and the waveguide must be obtained, which can be achieved in two ways: Either by increasing the loss per roundtrip of the cavity by increasing the device diameter, or by increasing the coupling by either decreasing the coupling distance or increasing the coupling lengths. Both types of devices are currently under fabrication.
To investigate the dynamic performance of the resonant photo detectors, we biased the devices negatively with a Agilent B1500 device analyzer and extracted the RF signal with a bias-T. Then this signal was amplified and monitored with a high-sped communication signal analyzer from Tektronics CSA8000. For an injection at 1527 nm, an open eye up to 2 Gb/s could be obtained, which demonstrates the applicability of MDLs as on-chip photo detectors. Depending on the bias current, the devices can be used as lasers or detectors and can thus be employed as bi-directional optical onchip links. Besides the lower device count, the main advantage of other transceiver approaches is the ease in fabrication. Only one epitaxy material is needed for lasing and detection material. Furthermore, the devices can be structured in the same lithography. 
CONCLUSION
We have presented the versatility of MDLs as on-chip optical light sources, wavelength converters, and detectors. The devices exhibit a very low threshold current of 160 µA and wa all-plug efficiency of more than 4%. Waveguide power levels of up to 60 µW were measured, making MDLs interesting candidates for low-power on-chip light sources. The device performance as wavelength converters in on-chip DWDM systems was also investigated. The static extinction ratio was measured to be 13 dB for injection locking to a side mode. Error-free conversion with a BER of 10 -10 at 2.5 Gb/s as well as operation at 10 Gb/s with a BER of less than 10 -3 were reported. The use of MDLs as photo detectors with a sensitivity of 0.3 A/W was presented. Finally, the dynamic operation at a speed of 2 Gb/s was shown, which is in the range of current CMOS clock speeds.
